Introduction
Some ascidians, the so-called sea squirts, of the suborder Phlebobranchia accumulate high levels of the transition metal, vanadium [1] [2] [3] . The blood cells of Ascidia gemmata, which is one of the vanadium accumulation ascidians, contain up to 350 mM vanadium [4] , which corresponds to about 10 7 -times the concentration in seawater [5] [6] . This unusual phenomenon observed in some ascidians has been studied by chemists, physiologists, and biochemists since its discovery about ninety years ago.
The only other living organism known to accumulate such high levels of vanadium in such a selective manner is the Polychaete Pseudopotamilla occelata [7] . The mechanism underlying this surprisingly efficient metal accumulation system requires clarification. It is known that vanadium is eventually accumulated in the vacuoles of blood cells, which are called vanadocytes. Most of the vanadium ions accumulated in vanadocytes are reduced to the vanadium(IV) form and are stored in the vacuoles in the vanadium(III) state as free ions.
We have isolated several proteins from the cytoplasm of the vanadocytes of A. sydneiensis samea that are likely to be involved in vanadium accumulation [8] . Of these proteins, Vanabin1 and Vanabin2, vanadium-binding proteins isolated from the cytoplasm fraction of vanadium-containing blood cells (vanadocytes) of the vanadium-rich ascidian A. sydneiensis samea, which are rich in lysine and cysteine residues, and the intervals between the cysteine residues are highly regular [9] . Vanabins and vanadium(IV) ions [9] . In addition, EST analysis of vanadocytes has revealed that two novel Vanabin-like proteins, designated as Vanabin3 and Vanabin4, have primary structures that are similar to those of Vanabin1 and Vanabin2, bind qualitatively to vanadium(IV) ions, and are expressed in vanadocytes [10] . Moreover, we have recently reported the first 3D structure of Vanabin2 in an aqueous solution [11] . The structural analysis revealed a novel bow-shaped conformation, with four α-helices connected by nine disulfide bonds. No structural homologues have been reported to date. In ascidians, vanadium ions are supposedly taken up from seawater through the branchial sac or alimentary canal, transferred to the coelom, and concentrated in vanadocytes. It is not known if carrier proteins are involved in the transport of vanadium from the coelomic fluid (blood plasma) into the vanadocytes, although we have isolated at least two types of Vanabin from the cytoplasm of vanadocytes, as described above. In the present study, we use immobilized metal affinity column chromatography to identify several vanadium-associated proteins in the coelomic fluid (blood plasma) of A. 
Materials and Methods

Extraction of ascidian plasma proteins
Adults of the ascidian Ascidia sydneiensis samea were collected at the International Coastal Research Center, Ocean Research Institute, the University of Tokyo, at Iwate, Japan.
After washing the surface of each individual with Ca
2+
-and Mg
-free artificial seawater [460 mM NaCl, 9 mM KCl, 32 mM Na 2 SO 4 , 5 mM HEPES (pH 7.0), 5 mM EDTA-2Na, and 6 mM NaHCO 3 ], the coelomic fluid (blood plasma) was extracted. The coelomic fluids from individual ascidians were collected separately, as it has been reported for other ascidian species that the mixing of blood cells from different individuals causes destruction of the blood cells. Blood plasma was obtained after removing the blood cells from the coelomic fluid by two rounds of centrifugation: at 120 × g for 10 min at 4°C and then at 1,000 × g for 10 min at 4°C. After the addition of one-ninth volume of 500 mM Tris-HCl (pH 8.0), the proteins in the blood plasma were precipitated by 80% saturation with ammonium sulfate for 20 h at 4°C. The blood plasma proteins were obtained by centrifugation at 20,000 × g for 30 min at 4°C and were resuspended in 20 mM NaH 2 PO 4 (pH 7.2) plus 500 mM NaCl. The protein concentration in each fraction was determined by the Bradford method (Bio-Rad).
Purification of the major vanadium-associated protein in plasma
The elution buffer was substituted with 0.1% TFA in 10% acetonitrile, and the proteins were concentrated by centrifugal filtration with a Centriplus YM-3 (Amicon).
The concentrated proteins were applied sequentially to two different reverse-phase HPLC columns. In the first step, the proteins were applied to a COSMOSIL 5Ph-AR-300 The PCR product was purified and cloned into the pBluescript vector. The DNA sequences of the 5'-RACE and nested PCR products were determined as described above.
Generation of antibody and Western blotting of ascidian tissues
To generate antibody against the vanadium-associated protein, the 15-aa peptide CLSTRNRPIPGEKPN, which corresponds to aa 84-98 of the mature protein, was synthesized and conjugated with keyhole limpet hemocyanin (KLH). Female BALB/c mice were immunized three times with the conjugate protein, and antiserum was obtained.
The blood cell homogenate was prepared as described previously [12] , and Western blot 8 analysis was performed [12] . For other tissues, homogenate was prepared from A.
sydneiensis samea in 200 mM Tris-HCl (pH 8.0) that contained leupeptin, PMSF, and pepstatin A (5 μg/ml, respectively).
RT-PCR detection of VanabinP mRNA
Total RNA samples were extracted from the ascidian tissues using the cesium trifluoroacetic acid method. To remove proteins and genomic DNA, the extracted total RNA samples were treated with proteinase K for 1 h at 37°C and DNase I for 40 min at 37°C, respectively. Reverse transcription was performed using the SuperScript II reverse transcriptase (Invitrogen Life Technology) and dT15 primer. PCR with the F1 and R3
primers was used to detect the expression of the VanabinP gene in the ascidian tissues.
The PCR mixture contained reverse-transcribed DNA from the total RNA samples of ascidian tissues, F1 primer (50 pmol), R3 primer (50 pmol), dNTPs (20 pmol), 1× PCR buffer, and rTaq DNA polymerase (TaKaRa) in a reaction volume of 100 μl. The PCR conditions used were as follows: 94°C for 4 min; 30 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s; and a final extension at 72°C for 5 min. PCR with the As-actin fwd primer (5'-GAC CTA TGC TGC TCT TGA-3') and As-actin rev primer (5'-CAG GAT GGA TCC TCC AAT-3') was used to detect the expression of the actin gene in the ascidian tissues, as the positive control. The PCR mixture contained reverse-transcribed DNA from the total RNA samples of ascidian tissues, As-actin fwd primer (50 pmol),
As-actin rev primer (50 pmol), dNTPs (20 pmol), 1× PCR buffer, and rTaq DNA polymerase (TaKaRa) in a reaction volume of 50 μl. The PCR conditions used were as 
Recombinant protein expression
The cDNA region corresponding to the putative mature protein was amplified by the direct PCR method using a specific primer set with restriction enzyme sites as GST was eluted from the glutathione Sepharose 4B column after the purification of VanabinP and was used as a control protein. The resulting recombinant protein had eight additional amino acids (G-P-L-G-S-P-Q-F), which were derived from the junction region at its N-terminus.
Metal-binding assay
The metal-binding ability of the recombinant VanabinP was determined by means of the Hummel-Dreyer method [13] , as described previously [9] . The metal concentration in each fraction was determined by atomic absorption spectrophotometry (AAS; SpectrAA-220Z; Varian Inc.), and the protein concentration was determined by the Bradford method (Bio-Rad).
Results
Identification of vanadium-associated proteins in ascidian plasma
By chelating a column charged with vanadium(IV), vanadium-associated proteins were first obtained from the blood plasma of the vanadium-rich ascidian Ascidia sydneiensis samea (Fig. 1) . The ammonium sulfate-precipitated blood plasma proteins were loaded onto the vanadium-chelating column. After washing out the proteins that did not bind to the charged vanadium, vanadium-associated proteins were obtained by eluting with a buffer solution that contained 50 mM EDTA (Fig. 1A) . The proteins were separated sequentially using two different types of HPLC column (Fig. 1B-C) . The major peak obtained in the second HPLC contained a protein with an apparent molecular weight of 20 kDa according to SDS-PAGE analysis (Fig. 1D ).
Cloning of the VanabinP cDNA
Edman degradation analysis revealed the N-terminal amino acid sequence of the 20-kDa protein in the major peak as:
sequence rich in basic amino acid residues. Using PCR with a degenerate primer, the cDNA for the 20-kDa protein was isolated from the vanadocyte cDNA library. The cDNA encoding the 20-kDa protein consisted of 581 bp, which corresponded to 146 amino acids (Fig. 2) . The deduced amino acid sequence had a hydrophobic region consisting of 20 amino acid residues in the N-terminus, which may function as a signal 13 peptide and appears to be processed after translation. The region excluding the signal peptide was designated as the mature protein. The predicted amino acid sequence of the mature protein shows that its N-terminus is very rich in basic amino acids compared with the other protein regions. The molecular weight of the mature protein, as determined by MALDI-TOF MS, is 14 kDa (data not shown), which corresponds well to the value deduced from the cDNA sequence.
The deduced amino acid sequence of the mature protein is highly homologous to the Vanabin1 and Vanabin2 sequences [9] , which have been identified in cytoplasmic extracts of vanadocytes, and to the Vanabin 3 and Vanabin 4 sequences, which have been identified by expressed sequence tag (EST) analysis of vanadocytes [10] . We conclude that the 20-kDa protein is a novel member of the Vanabin family, which we name as
VanabinP (Vanabin in plasma). All five of the Vanabins contain a conserved motif of 18
cysteine residues, which can be described as the consensus sequence {C}-{X 2-5 }-{C} (Fig. 2) . Homology searches using the BLASTP program to align the VanabinP sequence with the public protein databases did not reveal any remarkable similarities with proteins other than the Vanabins.
Localization of VanabinP
The anti-VanabinP polyclonal antibody was raised against the 15-aa peptide CLSTRNRPIPGEKPN, which corresponds to aa 84-98 of the mature VanabinP protein.
The obtained antibody recognized both the native and recombinant forms of VanabinP in a Western blot (Fig. 3) . The difference of band size recognized between the native and recombinant forms of VanabinP was derived from additional eight amino acid residues in the junction region at its N-terminus. The 20-kDa band for VanabinP was detected in the blood plasma, but not in any of the other tissues tested. In contrast, it is clear that Vanabin1 and Vanabin2 are localized to the vanadocyte cytoplasm [14] . Therefore, it seems likely that VanabinP plays a role different from that of Vanabin1 or Vanabin2.
VanabinP gene expression patterns in adult ascidian tissues
Although we isolated the cDNA for VanabinP from a blood cell cDNA library, it is not clear whether VanabinP is transcribed exclusively in blood cells. Therefore, we investigated the expression patterns of VanabinP mRNA in adult ascidian tissues.
RT-PCR analysis revealed that VanabinP mRNA was expressed in the blood cells, alimentary canal, muscle, and branchial sac (Fig. 4) . To determine the cell types in 
Metal-binding ability of VanabinP
To determine in a quantitative manner the metal-binding ability of VanabinP, the recombinant protein was overexpressed in E. coli. By means of the Hummel-Dreyer method [13] , the ratios of bound vanadium ions per VanabinP protein molecule at various concentrations of free vanadium(IV) ion were determined (Fig. 6 ). For these experiments, we used vanadium(IV) ions coordinated by iminodiacetic acid (IDA), i.e., V(IV)-IDA, to avoid the precipitation of vanadium(IV) ions in the neutral pH range, as described previously [9] . The metal-binding assay was carried out using the metal free recombinant 
Discussion
We report the isolation and cDNA cloning of a novel vanadium-binding protein, designated as VanabinP, from the blood plasma of the vanadium-rich ascidian A.
sydneiensis samea. VanabinP differs in various characteristics from Vanabin1, Vanabin2
[9], Vanabin3, and Vanabin4 [10] , which have been reported to be localized in vanadocytes. However, the predicted amino acid sequence of VanabinP deduced from the cDNA is highly conserved and is similar to those of the other Vanabins, as shown in Fig. 2 .
Thus, the Vanabin family members share the characteristics of being cysteine-rich and having regular intervals between the cysteine residues. Furthermore, Vanabin1, Vanabin2, and VanabinP have in common a conservative N-terminal hydrophobic region that consists of about 20 amino acids (Fig. 2) , which may function as a signal sequence for protein translocation [15] . Recently, an NMR study revealed the 3D structure of Vanabin2, which indicates that it has a novel bow-shaped conformation, with four α-helices connected by nine disulfide bonds [11] . It is possible that the Vanabin family members, including VanabinP, share a common structure, although this has not been confirmed.
Western blot analysis revealed that VanabinP was localized in the blood plasma (Fig. 3) . In addition, the RT-PCR and in situ hybridization analyses indicated that the The in situ hybridization experiment revealed that most of the VanabinP-expressing cells were located in the peripheral connective tissues of the alimentary canal (Fig. 5, C-D) .
Signet ring cells and small signet ring cells, which react with the vanadocyte-specific monoclonal antibody, were reported to be localized in the connective tissues around the alimentary canal [16] . Further studies are needed to clarify which cell types, including signet ring cells and small signet ring cells, express VanabinP.
Using the recombinant protein, we found that VanabinP could bind to 13 vanadium(IV) ions with a dissociation constant of 2.8 × 10 -5 M (Fig. 6) . These values shown in Fig. 2 . A recent NMR study [11] has indicated that vanadium(IV) ions, which are exclusively localized on the same face of Vanabin2, are coordinated by amine nitrogens that are derived from amino acid residues, such as lysines, arginines, and histidines, as suggested by the EPR study [17] . Analyses of the 3D structures using The accumulation of vanadium in ascidians is an unusual physiological phenomenon in one class of marine organisms. Although the unusual phenomenon whereby some ascidians accumulate vanadium to levels more than ten million times higher than those in seawater has attracted researchers in various fields, the physiological roles of vanadium remain to be explained. Endean and Smith proposed that the cellulose of the tunic might be produced by vanadocytes [20] [21] [22] [23] . Carlisle suggested that vanadium-containing vanadocytes might reversibly trap oxygen under conditions of low oxygen tension [24] . The hypothesis has also been proposed that the vanadium in ascidians acts to protect them against fouling or as an antimicrobial agent [25, 26] .
However, most of the proposals do not seem to be supported by sufficient evidence. VanabinP (filled circles) and GST (cross). GST was used as the negative control.
Logarithmic fitting of the data is shown for VanabinP (solid line) and GST (dotted line).
Data points are the means of three or six replicates, and the error bars represent ± S.D.
